Abstract. Although the maximization of health is a key objective in health care systems, location-allocation literature has not yet considered this dimension. This study proposes a multi-objective stochastic mathematical programming approach to support the planning of a multi-service network of long-term care (LTC), both in terms of services location and capacity planning. This approach is based on a mixed integer linear programming model with two objectives -the maximization of expected health gains and the minimization of expected costs -with satisficing levels in several dimensions of equity -namely, equity of access, equity of utilization, socioeconomic equity and geographical equity -being imposed as constraints. The augmented ε-constraint method is used to explore the trade-off between these conflicting objectives, with uncertainty in the demand and delivery of care being accounted for. The model is applied to analyze the (re)organization of the LTC network currently operating in the Great Lisbon region in Portugal for the 2014-2016 period. Results show that extending the network of LTC is a cost-effective investment.
LTC planning background
The location-allocation model proposed in this study supports the (re)organization of a LTC network in the context of a NHS-based country, such as the one that currently operates in Portugal [17] . The model departs from a multi-service network of LTC that ensures the provision of institutional (IC), home-based (HBC) and ambulatory (AC) care services [18] . IC comprise convalescence care (CC), medium-term and rehabilitation care (MTRC), long-term and maintenance care (LTMC) and palliative care (PC), with these different services being characterized by different lengths of stay (LOS). We consider that the state is responsible for establishing contracts with public and private providers so as to ensure the provision of IC, whereas HBC and AC are mainly provided by the state [18] .
The planning model provides guidance on i) where and when multiple LTC services should be delivered, ii) how much capacity should be available in each service (both in terms of beds and human resources), iii) how to distribute this capacity across services and patient groups, and iv) which changes are needed in this network over time, including capacity increasing or reduction and the closure and opening of services. These decisions are evaluated in a context of severe budget constraints or limited increase in health care spending, and so the planning of LTC networks needs to consider the minimization of costs. Furthermore, it is a cornerstone of any health system the maximization of health gains for a given level of available resources. The augmented ε-constraint method is employed to explore the trade-off between these conflicting objectives. In this article, other important policy objectives regarding equity -in particular, equity of access (EA), equity of utilization (EU), socioeconomic equity (SE) and geographical equity (GE) -are dealt with as model constraints, assuming that the policy maker accepts achieving equity satisficing levels (following the satisficing concept from Simon [19] ).
Since future LTC demand cannot be predicted with total confidence and there is inherent uncertainty in LTC delivery, data uncertainty is modeled either in terms of the number of individuals requiring LTC and in terms of the amount of services required by each of those individuals, as captured by the LOS. A scenario tree approach [20] is selected for handling the uncertainty associated with this uncertain data. Within this two-stage stochastic model, first-stage decisions include the opening and closure of services and investment in new beds, whereas second-stage decisions comprise decisions related to the allocation and reallocation of patients and resources. The objective of the proposed model is thus to minimize expected costs and maximize expected health gains over the uncertain demand scenarios, while simultaneously ensuring the achievement of pre-defined satisficing levels of equity. 
Mathematical formulation
Predecessors k of the scenario tree node n (1-3)) and the maximization of expected health gains (equation (4)). Costs include both investment (equation (2)) and operational costs (equation (3)). Investment costs are related to the investment in new beds (first term in equation (2))) and in the reallocation of beds between services (second and third terms). Operational costs include costs associated with the operation of beds in IC services (first term in equation (3)) and to the provision of HBC and AC services (second term). Health gains vary with the type of service delivered (HG s ) (equation (4)). 
Defining the constraints of the model. The proposed model makes use of a set of constraints:
• Opening and closure of services constraints -opening/closing an IC service is not allowed after deciding upon closing/opening it in a previous time period (equations (5-6)). No openings or closures are considered for HBC and AC (equation (7)), given that these services are provided within the scope of a primary care network, which is already established in any NHS-based country;
• Minimum level of demand satisfaction -equation (8) ensures that a minimum level of satisfied demand per service s (captured by the parameter α st ) should be guaranteed per time period t. • Single and closest assignment constraints -individuals should receive the care they need in the closest available service (equation (9)), and cannot access services that are not within a maximum travel time (equation (10)). According to equation (9), if location l provides service s and is closer to demand point d than another location j, it means that patients from d should not receive the required care at j;
• Resources requirement constraints -number of beds (equation (11)) and human resources (equation (13)) that should be made available per LTC service; and for the particular case of beds, it is also imposed that the bed capacity that needs to be in place in each service and location cannot be less than the bed capacity required in each scenario (equation (12); similarly to [20] ). Since in health it is not expected a full occupancy of services, an efficiency factor (ε s ), which takes the value of 1 when occupancy rates are equal to 100%, and lower values for lower occupancy rates, is included in equations (11) and (13); 
• Minimum and maximum capacity constraints -a minimum and maximum number of beds (equation (14)) and individuals in need (equation (15)) are imposed per service;
• Reallocation constraints -a maximum number of beds is allowed to be reallocated from each IC service (equation (16)); and the number of beds reallocated to service s from service p should be equal to the number of beds removed from service p to service s (equation (17));
, :
• Equity satisficing levels' constraints -pre-defined satisficing levels of equity are imposed for EA (equation (18)), EU (equation (19)), SE (equation (20)) and GE (equation (21)). The measures selected for defining EA, SE and GE are similar to the ones used in [10] , whereas the EU measure is similar to the GE, although ensuring a minimum service level (in comparison to need) across different typologies of LTC services. These satisficing levels should be defined by decision-makers (DMs), corresponding to levels that should be attained (and not optimized) since one is in the context of scarce resources [19] . To deal with the two selected objectives, the augmented ε-constraint method is used [21] . Instead of providing a single optimum solution, this method provides a subset of the Pareto-optimal set. According to Mavrotas [21] the augmented ε-constraint method is a novel version of the conventional ε-constraint method that solves its well-known pitfalls, namely, i) the calculation of the range of each objective function over the efficient set, and ii) the guarantee of efficiency for the obtained solution.
For the purpose of this study, the augmented ε-constraint method is applied by minimizing expected costs, whereas the objective related to expected health gains is imposed as constraint. Accordingly, the objective function is now given by equation (22), with µ representing a small number, usually between 10 -3 and 10 -6 , and s 2 representing a slack variable; and the health gains-related constraint is given by equation (23), with e 2 depending on the minimum and maximum values for f 2 and on the number of grids points selected for building the Pareto Frontier.
( ) 
Modeling of health gains
Given that we did not find available data providing estimates of the health gains associated with different LTC interventions, we selected the QALYs gained with the delivery of a LTC service as a proxy for health gains. For estimating QALYs, we used the EQ-5D self-report questionnaire, as it 'has become one of the valuation approaches recommended by several reimbursement authorities and academic bodies in European countries' [22] . Accordingly, the following steps were used to estimate QALYs:
i. The EQ-5D self-report questionnaire was first completed with information on disabilities for different LTC services [23] ; ii.
Using the Portuguese EQ-5D value set built by Ferreira et al. [24] together with the information on the EQ-5D level for each type of LTC service, the value of the EQ-5D states before and after receiving LTC within the National Network of Long-Term Care (Rede Nacional de Cuidados Continuados Integrados, RNCCI) were calculated; iii.
The QALYs gained per type of LTC service were then determined as the difference between the values of the EQ-5D states after and before receiving LTC.
Remaining data-set
The model was implemented in the General Algebraic Modeling System (GAMS) 23.7 and was solved with CPLEX 12.0 on a Two Intel Xeon X5680, 3.33GHz computer with 12GB RAM. The dataset used includes a wide range of information, namely:
• LTC supply at the end of 2013 in the Great Lisbon region [18] ;
• Operational and investment costs [25] ;
• Travel time (in minutes) between each county in the Great Lisbon region and each LTC service [26] ; and maximum travel time allowed for LTC patients accessing IC services [27]; • Number of hours of care to be provided by physicians and nurses per individual in need [28] ;
• Efficiency factor associated to the provision of services with a score of 1, given that providers in Portugal are paid according to utilization [18] ; • Satisficing equity levels defined by the Head of the Long-Term Care Coordination Team of the Lisbon and Tagus Valley Health Authority, which has given her opinion on these parameters, acting in the role of a real DM in the LTC sector; • Information about physical, functional, mental and social disabilities of patients receiving care within the RNCCI during 2008, before and after receiving LTC [23] . Regarding uncertainty, the following two parameters were estimated: i. The number of individuals requiring all the types of IC, HBC and AC, disaggregated by socioeconomic groups (very low income [VLI] and not very low income [NVLI]), as predicted by the detailed simulation model developed in [29] ; ii.
The LOS associated to each type of IC service estimated with data from [30] . A scenario tree with 81 scenarios was used to describe combinations of these uncertain parameters. To build this scenario tree, the probability distributions associated to both parameters were taken from the outputs of the simulation model developed in [29] and [30] , respectively, and were then converted into three annual scenarios using the extended Pearson-Tuckey method [31] . The whole dataset is available from authors, upon request. Figure 1 depicts the Pareto Frontier obtained when running the multi-objective stochastic model to the county level in the Great Lisbon region in the 2014-2016 period. Each solution was obtained by imposing a 120 minutes limit for the computation time, and optimality gaps were below 0.5% for all the solutions. Solution A represents the solution with the minimum expected cost and health gains as measured by QALYs gained, being characterized by the lowest levels of LTC provision. These levels of provision are the minimum levels required to meet the equity satisficing levels indicated by our DM. On the other hand, as we move from solution B to K, the costs of reorganizing and operating the corresponding networks increase, as well as the health gains achieved with LTC provision. The maximum expected health gains and costs are achieved under solution K, with the LTC network found under this solution allowing for full provision of LTC (both IC, HBC and AC). In order to aid LTC policy makers deciding on how to reorganize the current network of LTC, the cost-effectiveness of each solution compared to the current provision of care is evaluated by determining the additional cost per QALY gained with LTC provision under each solution (also known as Incremental Cost Effectiveness Ratio [ICER] in health technology assessment literature; Table 1 ). According to Table 1 , it can be seen that solutions I and J represent the two most cost-effective options (with a lower ICER). These two solutions are characterized by full provision of HBC (see Figure 1 ) but differ in terms of AC and IC provision. In particular, the LTC network found under solution J ensures full provision of AC, whereas under solution I there is only partial provision of AC. Moreover, comparing these two solutions in terms of IC provision allows for identifying several differences. To illustrate these differences, Figure 2 shows the results obtained for CC services, with CC representing the type of IC service with the highest capacity requirements for both solutions. Figure 2 provides information on the opening and closure of services, the allocation of individuals to services and the evolution of bed capacity over time for solutions I and J, for the scenario characterized by average demand. Figure 2 shows that, unlike solution I, solution J suggests operating a CC in Sintra (1) . Also it can be seen that the total CC bed capacity characterizing solution J is higher than in solution I (according to Figure 2 , by 2016, there should be 748 and 775 CC beds under solution I and J, respectively). The lower number of services and beds justifies the lower costs and health gains found under solution I when compared to solution J. Note that the higher provision found for CC is related to the high amount of QALYs gained with the provision of these services (the QALYs gained per individual receiving CC, MTRC, LTMC and PC amounts to 0.606, 0.707, 0.315 and 0.214, respectively) and to the higher number of individuals in need for CC, when compared to the remaining IC services. Table 1 also shows that additional costs per QALY gained decrease as one moves from solution A to I, and increases from solution J onwards. More important than this, comparing the ICERs from A to K with thresholds discussed by some health technology assessment agencies (such as the National Institute for Health and Care Excellence, in the United Kingdom [32] ) of around £20000-£30000, it seems that extending the LTC network in the Great Lisbon region in Portugal will be cost-effective.
Illustrative results
A final result that can be observed in Figure 1 is that achieving the satisficing equity levels defined by our DM amounts to a minimum of 228 million euros for the three-year period (2014-2016), corresponding to the minimum cost solution (solution A). When compared to the budget available for reorganizing and operating the LTC network in the Great Lisbon region, 30 million euros per year, this value is 250% higher. This result makes it clear that a higher budget is needed for improving the delivery of LTC in the region. 
Conclusion
One of the top priorities common to the policy agenda of many European countries is related to the improvement in the supply of LTC, and this due to the current ageing phenomenon, as well as to the increasing prevalence of chronic diseases. Furthermore, to deal with the strong pressures that are currently in place to decrease public health care spending, the planning of networks of care requires accounting for cost, equity and health gains related objectives. Within this context, a multi-objective two-stage stochastic MILP model is proposed to support location-allocation decisions in the LTC sector under the context of NHS-based countries. The model aims at informing the (re)organization of multi-service networks of LTC while maximizing expected health gains and minimizing expected costs (with satisficing levels of equity in several dimensions being achieved), with health gains representing a dimension usually ignored in location-allocation studies. The trade-off between these conflicting objectives is addressed through the use of the augmented ε-constraint method. A case study in the Great Lisbon region in Portugal for the 2014-2016 period is explored. The estimation of health gains was done through the computation of QALYs.
Key results from the model application confirm that the budget currently available for improving LTC delivery in the Great Lisbon region is far from being able to achieve the satisficing equity levels defined by the DM; but investments in the LTC network are cost-effective. Results allowed for exploring the trade-off between cost and health gains, showing the relevance of considering both objectives when planning a network of LTC; and information on the incremental cost effectiveness ratio is particularly useful for policy makers in the LTC sector deciding on how to plan networks of care.
Several research topics should be pursued as further work. First, if a single solution is sought, rather than multiple solutions, after generating the Pareto optimal solutions, one may resort to Multiple Criteria Decision Making methods and use the generated solutions as discrete alternatives so as to assist decision makers selecting the most preferred solution. It is also relevant to explore the impact of adopting different health policy options in planning decisions. For instance, allowing for substituting institutional care by home-based care may result in higher health gains for the same level of cost, due to the lower QALYs gained with the provision of certain types of institutional services. Furthermore, alternative ways to capture benefits in the delivery of care can be explored. For instance, measures of social welfare -which are more holistic than health gains -can be explored.
